The preoptic area (POa) of the rostral diencephalon supplies the neocortex and the amygdala with GABAergic neurons in the developing mouse brain. However, the molecular mechanisms that determine the pathway and destinations of POa-derived neurons have not yet been identified. Here we show that Chicken ovalbumin upstream promoter transcription factor II (COUP-TFII)-induced expression of Neuropilin-2 (Nrp2) and its down-regulation control the destination of POa-derived GABAergic neurons. Initially, a majority of the POa-derived migrating neurons express COUP-TFII and form a caudal migratory stream toward the caudal subpallium. When a subpopulation of cells steers toward the neocortex, they exhibit decreased expression of COUP-TFII and Nrp2. The present findings show that suppression of COUP-TFII/Nrp2 changed the destination of the cells into the neocortex, whereas overexpression of COUP-TFII/Nrp2 caused cells to end up in the medial part of the amygdala. Taken together, these results reveal that COUP-TFII/Nrp2 is a molecular switch determining the pathway and destination of migrating GABAergic neurons born in the POa. 
The COUP-TFII/Neuropilin-2 is a molecular switch steering diencephalon-derived GABAergic neurons in the developing mouse brain The preoptic area (POa) of the rostral diencephalon supplies the neocortex and the amygdala with GABAergic neurons in the developing mouse brain. However, the molecular mechanisms that determine the pathway and destinations of POa-derived neurons have not yet been identified. Here we show that Chicken ovalbumin upstream promoter transcription factor II (COUP-TFII)-induced expression of Neuropilin-2 (Nrp2) and its down-regulation control the destination of POa-derived GABAergic neurons. Initially, a majority of the POa-derived migrating neurons express COUP-TFII and form a caudal migratory stream toward the caudal subpallium. When a subpopulation of cells steers toward the neocortex, they exhibit decreased expression of COUP-TFII and Nrp2. The present findings show that suppression of COUP-TFII/Nrp2 changed the destination of the cells into the neocortex, whereas overexpression of COUP-TFII/Nrp2 caused cells to end up in the medial part of the amygdala. Taken together, these results reveal that COUP-TFII/Nrp2 is a molecular switch determining the pathway and destination of migrating GABAergic neurons born in the POa.
preoptic area | COUP-TFII/Neuropilin-2 | caudal migratory stream | cortex | amygdala N euronal migration is the fundamental process that determines the final allocation of neurons in the nervous system. During cerebral cortical development, most GABAergic inhibitory neurons are generated in the medial ganglionic eminence (MGE) and the caudal ganglionic eminence (CGE) of the ventral telencephalon, from where they migrate tangentially into the dorsal telencephalon (1) . Several independent reports indicate that defects in the migration of GABAergic neurons are involved in brain malformations and psychiatric disorders (1) .
The ventral telencephalon is characterized by distinct expression patterns of transcription factors, including NK2 homeobox 1 (NKx2.1) in the MGE (2) and Chicken ovalbumin upstream promoter transcription factor II (COUP-TFII) in the CGE (3) . Such segregation of transcription factor expression is relevant to the separate migratory profiles of the cortical GABAergic neurons derived from each region (4) . Although MGE-derived cells express LIM homeobox protein 6 (Lhx6), a downstream target of Nkx2.1, and uniformly migrate toward the entire neocortex (5-7), most CGE-derived cells express COUP-TFII and migrate caudally to the neocortex (3, 7) . Thus, the migratory profiles of the cortical GABAergic neurons born at each subregion of the ganglionic eminence (GE) differ from each other, however the molecular mechanism of the migration profiles, especially the caudal migration of cortical GABAergic neurons, remains to be elucidated.
The GE is the main source of cortical GABAergic neurons, and there is increasing evidence showing that GABAergic neurons are also derived from regions outside the ventral telencephalon. Recent studies using Nkx5.1-Cre and Dbx1-Cre mice show the preoptic area (POa) as a new source of cortical GABAergic neurons containing an Lhx6-expressing population (8, 9) . Other investigators report that the POa supplies GABAergic neurons to the medial nucleus of amygdala, in a study using Dbx1-Cre knock-in mice (10) . The neurons migrate caudally to the amygdala via the ventral GE. However, the profile of the migration of POa-derived cortical GABAergic neurons remains largely unknown.
Although Lhx6 and COUP-TFII expression are mutually exclusive in the dorsal part of the GE in that they determine the MGE and CGE properties, respectively, their expression profiles in the ventral region of the GE are not clearly segregated from each other. Previous studies showed that in addition to MGE, there is a large Lhx6-expressing domain covering the caudal telencephalon (11) . This distinct Lhx6 expression converges into the ventro-caudal edge of the MGE, a region termed the anterior peduncular area (AEP) (11, 12) , which partially overlaps with the COUP-TFII-positive region. Although our previous study demonstrated that AEP-derived cells migrate caudally (3), the origin of this Lhx6-positive cell population and the physiological significance of the dual expression of Lhx6 and COUP-TFII remains unknown.
In this study, we examined COUP-TFII and Lhx6 expression in the migrating neurons of the AEP and found that the Lhx6 and COUP-TFII double-expressing cells originated from the POa and
Significance
Recently the preoptic area (POa) has been shown to be a source of GABAergic neurons in the medial amygdala and cerebral cortex, where they are thought to play a pivotal role in emotions and intelligence, respectively. However, it is unknown how the POa-derived neurons migrate and selectively segregate into either the amygdala or cortex. By using focal in utero labeling of the POa, we show that switching on/off the transcription factor COUP-TFII (Chicken ovalbumin upstream promoter transcription factor II) and the receptor Neuropilin-2 (Nrp2) directs the POaderived neurons toward either the amygdala or cortex. Our study revealed an essential role of COUP-TFII/Nrp2 expression dynamics in the development of the amygdala and cortex.
that these GABAergic neurons migrated through the AEP to the amygdala and the cortex. We also found that COUP-TFII expression in the POa-derived neurons varied both spatially and temporally and that the dynamic expression profiles of COUP-TFII, and its downstream molecule Neuropilin-2 (Nrp2), were crucial for the appropriate selection of two major migratory routes toward the amygdala or the neocortex. Thus, these results demonstrate a novel molecular mechanism for correctly sorting GABAergic neurons in the developing brain.
Results
The COUP-TFII-Expressing Stream of Migrating Cells and the POa Share Molecular Properties with Both the MGE and the CGE. Because the molecular mechanisms underlying the migration of the cell population through/from the AEP are poorly understood, we performed immunohistochemistry using antibodies specific for Lhx6 and COUP-TFII in mice at embryonic day 13.5 (E13.5) and found that AEP partially overlaps with the previously reported COUP-TFII-expressing region (3) (Fig. 1A) . A large number of Lhx6-expressing cells formed a migratory stream from the AEP toward the caudal cortex (Fig. 1A, arrow) . Quantifying the number of caudally migrating Lhx6-positive cells in the AEP revealed that 94.2 ± 1.1% cells (n = 395) from five brains (n = 5) were coexpressing COUP-TFII (Fig. 1D) . The temporal and spatial expression of COUP-TFII was then studied. In caudally migrating Lhx6-positive cells, the expression of COUP-TFII gradually decreased as the cells reached the CGE (77.1 ± 2.1%, n = 1,018 cells, five brains) and the cortex (39.7 ± 2.9%, n = 410 cells, five brains) ( Fig. 1 C and D) .
To examine the origin of the Lhx6/COUP-TFII double-positive cells, we performed immunostaining for Nkx2.1, a transcription factor regulating the generation of Lhx6-expressing GABAergic neurons (2, 6, 13, 14) . The expression of Nkx2.1 and COUP-TFII overlapped in the ventricular zone of the POa at E13.5 ( Fig. 1E) but not in the GE (Fig. S1 A and B) . Nkx2.1 expression in the AEP was weak and not uniform, suggesting that the AEP contributes very little, if at all, to the Lhx6/COUP-TFII-positive population (Fig. S1A) .
To study the expression of COUP-TFII and Nkx2.1 in the POa, we then carried out whole mount in situ hybridization at E13.5 using FANTOM clones (15) . The POa and its subdomains [the dorsal POa (POa1) and ventro-caudal POa (POa2)] were characterized by expression of Shh (POa1 and 2), Er81 (POa1), and Dbx1 (POa2), respectively ( Fig. 1F and Fig. S2 ), as previously shown (16) . COUP-TFII was detected in the ventro-caudal side of the POa (POa2), a domain in which Nkx2.1 was also detected (Fig.  1F ). Most cells in the POa expressed both COUP-TFII and Lhx6 (Fig. S1C) , suggesting that the POa and the caudally migrating cells in the AEP share molecular properties with both the MGE and the CGE cells.
POa-Derived Cells Show a Novel Two-Step Migratory Profile. To examine whether the POa2 is the origin of the caudally migrating cells observed in the AEP, focal electroporation was applied on a whole mount hemisphere culture system (7) (Fig. 2 A and B) . A CAG-tdTomato vector was electroporated into the POa2 at E13.5 with Fast Green or fluorescein isothiocyanate (FITC)-oligonucleotide DNA as a fluorescent marker ( Fig. 2A) . After 48 h, virtually all of the POa2-derived cells (97.1 ± 1.4%, n = 148 and n = 5) had migrated into the AEP (Fig. 2C) , where they formed a bundle-like stream (Fig. 2B, arrow) . The migratory profile of the dorsal POa (POa1) cells tended to migrate caudally and were scattered in the MGE and the CGE (Fig. S3) . Most POa1-derived cells did not form a bundle-like stream, suggesting that the POa2 is the major source of the caudally migrating cell population in the AEP.
Examining whether caudally migrating cells in the AEP and CGE at E13.5 derive from the POa in vivo, performing in utero electroporation at E11.5 and fixation at 13.5 revealed a narrow migratory stream from the POa (Fig. 2D) . In utero labeling of the supraoptic paraventricular region (SPV), which is adjacent to the POa, failed to detect the caudal migratory stream (CMS) (Fig. 2D) . After removing the thalamus and the medial cortex, where the narrow stream was not observed, from the electroporated hemispheres, a larger fraction of labeled cells was found to migrate to the ventral CGE, anatomically corresponding to the medial amygdala, and the caudal cortex (Fig. 2E) . The shape of the POaderived stream was narrow until it reached the middle of the CGE and widened in the caudal cortex. Coronal sections taken at E13.5 ( to the ventral CGE. Thereafter, they gradually spread within the CGE and the ventro-caudal cortex and migrated into the dorsal cortex. The first part of this two-step migratory profile, in which the POa-derived cells caudally migrated through the AEP and the ventral CGE, should be included in the CMS, as previously reported for the CGE cells (3, 7) . Because the AEP and the CGE are located caudally to the POa, direct labeling of the CGE cells in our previous study must have also visualized the POa-derived caudally migrating cells in the CGE. Therefore, the CMS contains POa-derived cells migrating through the ventral CGE (Fig. 2H ), in addition to the cells born in the CGE. The two-step migration from the POa is distinct from the single tangential migratory profile in the ventral telencephalon. These results support our hypothesis that the POa domain within the diencephalon provides the most significant source of caudally migrating cells forming the CMS.
The CMS Consists of POa-Derived GABAergic Neurons with Dynamic COUP-TFII Expression. To further examine the molecular properties of caudally migrating cells from the POa, cultured hemispheres electroporated into the POa2 were horizontally sectioned and immunostained for COUP-TFII and Lhx6 (Fig. 3A) . Quantification showed that 82.3 ± 2.8% (n = 280 and n = 6) of the POa2-derived cells migrating in the stream bundle also expressed high levels of COUP-TFII (Fig. 3B ). Immunohistochemical analysis showed that only 37.4 ± 9.4% (n = 97 and n = 5) of the POa1-derived cells expressed COUP-TFII (Fig. S3D ), supporting the hypothesis that the POa2 region is the major source of COUP-TFII-positive migrating cells in the CMS.
The temporal and spatial expression of COUP-TFII in the CMS was then studied in vivo using the electroporated brain at E11.5. In the horizontal section at E13.5, POa-derived cells formed the caudally migrating stream identical with the one from the AEP observed as a Lhx6-positive stream (Figs. 1 A and B and 3 C and D). In caudally migrating Lhx6-positive cells, the expression of COUP-TFII gradually decreased as the cells reached the cortex ( Fig. 1 C and D) . The same tendency of the COUP-TFII expression levels to decline was observed in E13.5 POa-derived cells electroporated at E11.5 ( Fig. 3 E and F) , further supporting the hypothesis that the POa is a source of the CMS.
To examine whether caudally migrating POa-derived cells were differentiating into GABAergic neurons, we used GAD67-GFP mice ( Fig. 3G) (17) . Electroporation into the POa of GAD67-GFP mice with mCherry at E11.5 showed that the majority of cells migrating in the CGE and the caudal cortex represent GABAergic neurons (CGE, 95.7 ± 2.5%, n = 239 and n = 3; caudal cortex, 97.9 ± 2.1%, n = 67 and n = 3) (Fig. 3H ). These results suggest that the CMS is a stream of GABAergic neurons dynamically changing expression of COUP-TFII. To examine COUP-TFII expression at the later developmental stages, we performed immunohistochemistry for COUP-TFII and Lhx6 using E15.5 brains that had been electroporated at E11.5 ( Fig. 4   A and B) . Similar to E13.5, the majority of electroporated cells (72.4 ± 4.6%, n = 338 and n = 5) in the ventral CGE expressed COUP-TFII at E15.5 ( Fig. 4 B and C) . Interestingly, only a few of the electroporated cells (4.1 ± 1.0%, n = 208 and n = 8) that had reached the dorsal cortex expressed COUP-TFII (Fig. 4 B-D) . By contrast, approximately half (48.5 ± 3.6%, n = 208 and n = 8) of the POa-derived cells in the dorsal cortex expressed Lhx6 (Fig. 4 B  and C) . These results suggest that COUP-TFII is down-regulated in POa-derived cells before they enter the dorsal cortex.
In utero electroporation overexpressing COUP-TFII at E11.5 was then used to investigate the migratory profile of POa-derived cells at E15.5 ( Fig. 4E ) and E13.5 (Fig. 5) . In control embryos at E15.5, a large number of POa-derived cells was observed in the dorsal cortex and was distributed diffusely throughout the entire cortex (Fig. 4E) . By contrast, E15.5 embryos (n = 4) with overexpressed (OE) COUP-TFII showed an accumulation of POaderived cells in the medial amygdala and the caudal end of the cortex (Fig. 4E, arrow) , whereas no cells had entered the dorsal cortex (Fig. 4E, Cortex zoom) . When brains were analyzed at E13.5, a majority of the POa-derived cells overexpressing COUP-TFII had accumulated in the medial amygdala and the caudal end of the cortex (Fig. 5 A and B , COUP-TFII OE). COUP-TFII overexpression was confirmed as not affecting neuronal cell fate by immunostaining for a neuronal marker, doublecortin (DCX), and glial cell markers, glial fibrillary acidic protein (GFAP) and alpha-type platelet-derived growth factor receptor (PDGFRα) (Fig. S4 ). These results demonstrate that a lower expression level of COUP-TFII is required for the POa-derived cells to enter the dorsal cortex. POa-derived cells overexpressing COUP-TFII in coronal sections taken at E13.5 showed a dramatically decreased scattered migration to the dorsal cortex and accumulation of cells in the CMS to a narrow bundle (Fig. 5B and Fig. 2G as the control) . Quantitative analysis revealed that the percentage of cells in sector 1, which is the caudal region of the hemisphere, was significantly higher when overexpressing COUP-TFII (88.5 ± 6.4%, n = 173 and n = 6) compared with the control (62.5 ± 7.1%, n = 696 and n = 7) (Figs. 2 F and H and 5 C and D).
To knock down COUP-TFII in the POa-derived cells, a previously published target sequence for COUP-TFII was used (18) . The knockdown efficiency was verified in Neuro2a cells (Fig. S5 ) and in flow cytometry-sorted CMS cells (Fig. 6 E and F) . Cells in which COUP-TFII was depleted were distributed more rostrally in the cortex than those transfected with a scrambled control shRNA vector (Fig. 5, COUP-TFII KD) . Coronal sections revealed more detached cells from the CMS, following COUP-TFII knockdown, compared with the control (Fig. 5B, arrows) . Quantification showed a significant increase in the percentage of cells in sector 3, which is the rostral region of the hemisphere, when In utero electroporation, E11.5 to E13.5 COUP-TFII was knocked down (14.4 ± 2.5%, n = 2,161 and n = 10), compared with the control (7.3 ± 1.5%, n = 1,707 and n = 6) ( Fig. 5 C and D) . Collectively, these results suggest that COUP-TFII regulates the caudal migration along the CMS and inhibits the detachment of cells from the CMS and their subsequent migration into the dorsal cortex.
Nrp2 Is Preferentially Expressed in the CMS and Functions as a
Downstream Target of COUP-TFII. Our previous study shows that COUP-TFII overexpression induces the CMS in MGE cells and that COUP-TFII knockdown inhibits the CMS in CGE cells (3) . This COUP-TFII function in the GE is analogous to that of the POa-derived cells, suggesting the possibility of a common molecular target(s) of COUP-TFII, which may be involved in CMS induction in the GE cells and the POa. Thus, to search for downstream target(s) of COUP-TFII that may be regulating the direction of the caudal migration from the POa to the dorsal cortex, we compared the transcriptome of MGE cells overexpressing COUP-TFII with that of CGE cells depleted of COUP-TFII. The screening of molecules that were up-regulated in the CMS-induced cells, and down-regulated in the CMS-inhibited cells, revealed Nrp2 as a candidate. Interestingly, analysis of the heterozygous Nrp2-Δ mouse brain ( +/− ), in which tauGFP was knocked in into the Nrp2 locus (19) , revealed that the pattern of Nrp2 expression was similar to that of COUP-TFII (Fig. 6 ). Nrp2 was strongly expressed in the AEP and the CGE, with its caudally migrating COUP-TFIIexpressing cells, and more weakly expressed in the caudal cortex ( Fig. 6 A and B) . Sema3F is a ligand for Nrp2 and works as a repulsive cue to cortical interneurons (20) . In situ hybridization on E13.5 horizontal sections demonstrated a strong expression of Sema3F in the striatum, as previously reported (20, 21) , and a faint expression along the route of the CMS (Fig. 6C) . Intriguingly, Sema3F was markedly higher in the striatum than in the AEP (Fig.  6C , AEP zoom) and suggests that Sema3F acts as a beacon for POa-derived cells (Fig. 6D) .
It is well established that in lymphatic vessels, COUP-TFII binds the promoter region of Nrp2 via SP1 and induces Nrp2 expression (22) . The same regulation process of the Nrp2 expression by COUP-TFII has recently been reported in the developing murine forebrain at E12.5 (23) . To investigate whether Nrp2 expression is also regulated by COUP-TFII in the CMS, realtime PCR on fluorescence-activated cell sorted (FACS) POaderived cells was performed. Knocking down of COUP-TFII significantly reduced Nrp2 mRNA expression to 55.5 ± 9.3% (shRNA-control, n = 4; COUP-TFII shRNA, n = 6) ( Fig. 6 E and F) . These results indicate that COUP-TFII regulates Nrp2 expression in the CMS.
To examine the specific role of Nrp2 in regulating the migration of POa-derived cells, Nrp2 was OE or knocked down at E11.5. The efficiency of the Nrp2 knockdown was confirmed in Neuro2a cells (Fig. S5) . Overexpression or knocking down of Nrp2 had similar effects on the migration profile as overexpressing or knocking down COUP-TFII, respectively (Fig. 5A , COUP-TFII OE and COUP-TFII KD and Fig. 7A , Nrp2 OE and Nrp2 KD). When Nrp2 was OE, cells were distributed in the narrow stream of the CMS and the medial amygdala (Fig. 7 A-C, Nrp2 OE), whereas depletion caused cells to migrate more rostrally and diffusely in the cortex (Fig. 7 A-C, Nrp2 KD) . Thus, detachment of cells from the CMS and migration into the dorsal cortex was promoted and inhibited by Nrp2 knockdown and overexpression, respectively, similar to the observed effects of COUP-TFII knockdown and overexpression (Fig. S6) . Interestingly, overexpressing Nrp2 significantly rescued the abnormal migration into the rostral cortex of cells in which COUP-TFII was knocked down (n = 938 and n = 6) (Fig. 7) . The knockdown effects of COUP-TFII or Nrp2 were significantly rescued by coexpression of the shRNA-resistant mutant of COUP-TFII or Nrp2 (Fig. S7) .
Finally, we analyzed whether the expression level of COUP-TFII or Nrp2 affected the distribution of POa-derived cells in the medial amygdala on coronal sections. Because no specific marker for the medial amygdala at E13.5 exists, we used Lhx6 as the reference, because Lhx6 was reported as a regional marker for the dorsal part of the adult medial amygdala (24, 25) . As expected from the medial view of the transfected hemispheres, we found that more POa-derived cells populated the medial amygdala when COUP-TFII (n = 128 and n = 6) or Nrp2 (n = 184 and n = 6) was OE, compared with the control (n = 272 and n = 6) (Fig. S8) . In contrast, when COUP-TFII (n = 275 and n = 6) or Nrp2 (n = 416 and n = 6) was knocked down, fewer cells were detected in the medial amygdala, compared with the control (n = 383 and n = 6) (Fig. S8) .
Taken together, these results demonstrate that a precise regulation of the levels of COUP-TFII and Nrp2 controls the migratory profile of POa-derived GABAergic neurons.
Discussion
GABAergic neurons born in the forebrain migrate long distances to populate different areas of the brain, including the neocortex, the striatum, and the amygdala (26) . To reach all these distant destinations, migrating neurons need to navigate through the different structures of the brain (27, 28) . This study demonstrates a unique migratory profile of POa-derived GABAergic neurons and that dynamic COUP-TFII and Nrp2 expression functions as a molecular switch directing the cells toward either the amygdala or the neocortex in the developing mouse brain. Previously, our group reported a caudal migration profile of the CGE cells regulated by COUP-TFII and named it the CMS (7). The current study shows that the CMS contains POa-derived cells that migrate through the ventral CGE. Although it remains unclear to what extent each population contributes to the CMS, our results indicate that the CMS is a large migratory stream covering the diencephalon and the telencephalon and includes both POa-derived and CGE-derived cells.
The Migratory Profile of POa-Derived Neurons. The migration of the POa-derived cells is poorly understood, although recently this population has been revealed to be the source of GABAergic In utero electroporation, E11.5 to E13.5 neurons in the neocortex and the amygdala (8) (9) (10) . The present findings show that the POa-derived cells that were migrating to the neocortex and the amygdala initially shared the migratory stream and then took separate paths controlled by the dynamic expression of COUP-TFII and Nrp2. A previous study by Soma et al. shows a sharp, bundle-like migratory stream from the third ventricle; however, it was reported without characterizing the origin of this stream (29) . Our present findings, which are based on focal electroporation into specific regions of the hypothalamus, demonstrate that the bundle-like migratory stream originates mainly from the POa2 domain. This profile of migration appears different from the well-characterized tangential migration of MGE-derived cortical interneurons. Rather, this migration profile is yet another example of atypical tangential migration such as the rostral migratory stream (30) and the interneuron migration from ventral telencephalon to the thalamus in human (31) . These results were confirmed by in utero electroporation, which revealed a clearly delineated migratory stream from the POa. The findings of the present study suggest that the CMS in the AEP originates predominantly from the POa domain and not from other hypothalamic regions of the diencephalon.
Using Dbx1-Cre mice, Hirata et al. demonstrate that amygdala GABAergic neurons derived from the POa form a migratory stream called the POa amygdala migratory stream (10) . The results presented here demonstrate the presence of a POa-derived CMS that supplies GABAergic neurons to the caudal telencephalon, including at least the medial amygdala and neocortex. Thus, it is likely that the POa-derived CMS includes the POa amygdala migratory stream. In another study using Dbx1-Cre mice, Dbx1-expressing cells were found in the intermediate zone of the caudal cortex (32) . These observations are consistent with the results presented here. Gelman et al. reported that one-third of the cells from the Dbx1-expressing domain (POa2) express Lhx6 (9). Our results demonstrate that 48.5% of the POa-derived cells that reached the dorsal cortex expressed Lhx6. This finding verifies previous studies and supports the possibility that POa2 is the principal source of the CMS in the AEP.
In this study, we extensively analyzed brains at E13.5 because detailed expression analysis data exist at this stage (16), and we found the CMS at E13.5. Hirata et al. analyzed birthdates of migrating neurons from the POa to the amygdala and found that POa-derived cells labeled by tamoxifen injection from E9.5 to E11.5 populated the medial amygdala in Dbx-1 CreER T2 mice with a peak at E10.5 and E11.5 (10) . Our data showed that electroporation at E12.5 to the POa also gave rise to the CMS from the POa (Fig. S9) . Thus, the POa-derived migrating cells in the CMS are likely to be generated over several days during development, including E13.5.
COUP-TFII Expression in the POa and in POa-Derived GABAergic
Neurons. The present study demonstrates that the dynamic expression of COUP-TFII functioned as a molecular switch for the POa-derived GABAergic neurons to change their migratory direction from caudal to dorsal. Although most POa-derived cells expressed COUP-TFII at E13.5, the results presented here suggest that almost none of the POa-derived neurons that had migrated to the dorsal cortex expressed COUP-TFII at E15.5. POa-derived cells in the caudal cortex expressed COUP-TFII at E13.5; therefore, we postulate that COUP-TFII is down-regulated by E15.5. However, it is also possible that a few POa-derived cells that do not express COUP-TFII are somehow able to migrate to the dorsal cortex. The present study indicates that COUP-TFII caused and/or maintained the caudal migration of POa-derived cells. In support of this hypothesis, a recent study demonstrated hypoplasia or complete loss of the medial amygdala in COUP-TFII conditional knockout mice (23) , suggesting that COUP-TFII expression is necessary for caudal migration of POa-derived GABAergic neurons in the formation of the medial amygdala. By contrast, cortical GABAergic neurons derived from the COUP-TFIIexpressing domain were reported to remain unaltered in COUP-TFII conditional knockout (RxCre;COUP-TF F/F ) mice (23) . However, given the results that (i) COUP-TFII expression in this conditional knockout mouse was weakly observed at E12.5 in the ventral telencephalon (23) and (ii) COUP-TFII expression was down-regulated in the POa-derived cortical GABAergic neurons, weak expression of COUP-TFII in POa-derived cells at early stages might be sufficient for their ultimate distribution in the cortex. Further studies are required to draw a final conclusion about the requirement of COUP-TFII for the migration of cortical interneurons.
In human GE, COUP-TFII is expressed in a gradient manner with a small increase in the CGE at gestational week 15 (33, 34) . In the human cortex, it is shown that the COUP-TFII expression is abundant in the caudal cortex and moderate in the rostral cortex at gestational weeks 15-22 (33) , which are reminiscent of the expression patterns in the mouse cortex at E13.5 shown in this study. Unfortunately, the COUP-TFII expression in the POa has not yet been examined in the developing human brain; however, a large population in the caudal MGE has been reported to coexpress COUP-TFII and Nkx2.1 (34) , similar to the POa2 in the mouse brain shown in the present study. Indeed, it would be worth investigating whether the CMS is present in the developing human brain using double immunohistochemistry for COUP-TFII and Lhx6.
In our analysis, Nrp2-Δ mouse brain (
) failed to show significant aberrant migration, as assessed by GFP and calbindin immunohistochemistry at E13.5 (Fig. S10) . However, it has been reported recently that Nrp1 expression is also directly regulated by COUP-TFII (23) . We confirmed that Nrp1 has a similar function with that of Nrp2 in inhibiting the detachment of the POa-derived cells from the CMS and their accumulation in the amygdala (Fig. S11) . This functional and expression compensation of Nrp1 could explain why the Nrp2-Δ mouse brain ( −/− ) did not show obvious disruption of the CMS.
Our finding that COUP-TFII expression in the POa-derived cells is sustained in the CGE and the medial amygdala, but not in the dorsal cortex, raises the possibility that the expression dynamics of COUP-TFII and Nrp2 are related to the final destination of the POa-derived cells. Because the amygdala is highly related to autism spectrum disorders in humans (35) and the human NRP2 gene is associated with the clinical expression of autism in Chinese populations (36) , the present study may provide a plausible link between Nrp2 and the development of the amygdala. Because COUP-TFII expression was also observed in other areas of the amygdala nucleus-for example, the basolateral complex, which was severely affected in COUP-TFII KO mice-the COUP-TFII/Nrp2 pathway may also regulate the caudal migration of neurons destined for other amygdala regions. Further studies of the formation of the CMS will contribute to our understanding of the development of the amygdala and the cerebral cortex, and their possible relation to autism.
Materials and Methods
Animals. Pregnant ICR (Institute of Cancer Research) mice were purchased from Japan SLC, Inc. All animal experiments in Japan were performed under the control of the Keio University Institutional Animal Care and Use Committee in accordance with Institutional Guidelines on Animal Experimentation at Keio University. In Sweden, ethical approval was granted by the Stockholm's Ethical Committee North (D.no N486/12). The day on which a vaginal plug was detected was recorded as E0.5. For the analysis of Nrp2 expression and migration analysis, we used heterozygous ( +/− ) and homozygous ( −/− ) Nrp2-Δ mice generated by crossing ubiquitous Cre-expressing mice with mice with an NP2-flox-neo mutant allele, including tauGFP, from the Jackson Laboratory (19) (STOCK Nrp2tm1.1Mom/MomJ, 006697).
Statistical Analysis. All data are shown as means ± SEM. Normal distribution and equal variance were checked using Shapiro-Wilk's test and F test of equality of variances. For single comparison, Student's t test or MannWhitney rank sum test were performed. For multiple comparisons, data were evaluated with a one-way ANOVA, followed by a multiple comparison test (Tukey-Kramer or Dunnett's test). For single comparisons, data were evaluated with a two-tailed Student's t test.
